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Abstract. Because of the absence of any moving components at the cold region, low
vibration and high reliability, two stage GM type pulse tube refrigerator (PTR) is
nowadays preferred compared to conventional GM refrigerator for cooling of
superconducting magnets, SQUIDs, and cryopumping applications. The second stage
regenerative material plays an important role in achieving low temperature below 20
K. Leads balls with 0.2 mm to 0.4 mm average diameter was selected as second stage
regenerator matrix material while 200 mesh of SS 304 material was filled in the first
stage. A two stage GM type PTR was developed. A rotary valve was fabricated and
the valve timing effects on cooling performance of PTR were also studied. The valve
timings were varied by the different width of rotor slit forming the flow area with
stator ports. The lowest no-load temperature of 18.52 K and cooling capacity of 7 W
at 29.58 K were obtained with an optimum frequency of 1.6 Hz, charging pressure of
16.5 bar.

1. Introduction
The pulse tube refrigerator was invented by Gifford and Longsworth [1] in the early 1960s followed
by improvement in basic pulse tube refrigerator by Mikulin et al. [2] in 1983 which is known as orifice
pulse tube refrigerator. The last and major improvement was done by Zhu et al. [3] in the early 1990s
which are nowadays called as double inlet pulse tube refrigerator. Because of the absence of any
moving parts in a cold expansion space, pulse tube refrigerators are now considered as most reliable
due to vibrationless and maintenance free operation and replacing conventional GM refrigerators for
many similar applications. These applications include cryo-pumping, cooling of superconducting
magnets/devices, Infrared detectors which require a temperature of the order of 10-20 K. For these
applications, 4 K PTC refrigerators are commercially available and which are very costlier because of
rare earth materials used in second stage regenerator. On the other hand, it can be possible to produce
temperature about 20 K by use of cheaper lead shots as second stage regenerator material instead of
costlier rare earth magnetic materials. These 20 K cryo-refrigerators are ideally suitable for the
applications mentioned above.

The initial work on pulse tube refrigerator was reported by Narayankhedkar et. al. [4] in the early
70’s. Naik et. al. [5,6] have presented the phasor analysis of pulse tube refrigerator. Atrey and
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Narayankhedkar [7] developed second order isothermal model for orifice pulse refrigerator with the
linear compressor. Karunanithi et. al. [8] developed a single stage double-inlet pulse tube refrigerator.
They obtained the no-load temperature of 90 K from preliminary experiments. Development of single-
stage pulse tube refrigerator was at S V National Institute of Technology, Surat under two sponsored
projects from the Department of Science and Technology, New Delhi. Refrigeration power of 40 W
was measured at 77 K temperature and 28 K no load temperature was measured. Kasturirangan et al.
[9] have developed a two-stage Pulse Tube Refrigerator which produces a no-load temperature of
around 2.8 K and delivers a refrigeration power of 250 mW at 5 K. They have used stainless steel
meshes along with lead (Pb) granules and combinations of Pb, Er;Ni, and HoCu, in layered structures
as the first and second stage regenerator materials respectively..

It is observed that for a low-temperature range of 10 K to 20 K, regenerative material lead shots
(balls) in second stage regenerator for Two-Stage GM Type Pulse Tube Refrigerator are sufficient.
There is no need to use the costly rare earth magnetic material to obtain no load temperature about 20
K applications. Thus, present work focuses on the development and experimental investigation of two
stage GM type pulse tube refrigerator for 20 K Applications.

2. Development of an experimental setup

The complete experimental setup is developed based on the numerical method given in [10]. The
numerical analysis was performed with initial dimensions of 4 K GM type pulse tube refrigerator
which is already present in the laboratory. By varying the length of the second stage pulse tube, the
lowest temperature at the second stage cold end was estimated. The second stage no-load temperature
of 15.24 K was obtained to achieve temperature less than 20 K experimentally. The final dimensions
of each component are as shown in figure 1. The experimental setup for two stage GM type pulse tube
refrigerator involved the development of a rotary valve, pulse tube and regenerator assembly, vacuum
jacket and reservoirs.
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Figure 1. Overall schematic of the two stage GM type PTR
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3. Results and discussion

The overall aim of the experimental investigations is to find the optimum performance of a system in
terms of No load temperature and cooling capacity. The complete experimental investigations were
carried out to study the 2™ stage cooling performance. With the given valve timing and charging
pressure, the system was run with different operating frequency and phase shifter openings.

3.1 Effect of valve timing on system performance

The experimental investigations on valve timing diagram include the effect of intake time on no-load
temperature and cooling capacity. The rotor has two slits ‘c’ &‘d’ for gas to flow. The different valve
timing diagram can be obtained by changing the rotor slit size ‘c’ or ‘d’. The present work involves
the experimental investigations on valve timing diagram by a change in the width of the slit ‘c’ to get
different timing ratio. The diameter of the stator channel ‘a’ is ‘D’ (figure 2).
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Figure 2. Different geometry of rotor for different valve timings

The tangent to this channel makes an angle of 27° for ‘D’ case (case-1). The corresponding slit ‘c’
on the rotor is cut such that the included angle between side edges of the slit ‘¢’ becomes 27°. Thus,
the communication between the stator and rotor becomes 27°+27°=54°. Thus, the gas can enter into
the system for 54° time duration and this is called the pressurization period. This case with 54°
pressurization time is referred to as Rotor-D case (figure 2). Similarly, by changing the size of rotor
slit ‘c’ such that the total included angle between side edges becomes 37° (which is included angle
between tangents at stator channel ‘a’ with 1.5D size). This makes total pressurization time
27°4+37°=64° because of the increased width of the rotor slit ‘c’. This case is referred to as Rotor-1.5D
(case-2). Similarly, pressurization time in Rotor-2D case-3 becomes 27°+45°=72°,

In double inlet mode, with Rotor-2D case, the lowest no-load temperature of 18.52 K was obtained
with 16.5 bar charging pressure and 1.6 Hz optimum frequency (figure 3). With the given parameters,
1 W of cooling capacity was obtained at 19.61 K temperature and 7 W of cooling capacity was
obtained at 29.58 K temperature (figure 4). The pressure ratio obtained at starting condition and at
steady state condition in all the valve timing case reveals that better pressure ratio was recorded with
Rotor-2D case. The flow area created during the opening of the rotary valve plays an important role.
At the steady state where the lowest temperature is created, the mass flow requirement is highest and
this requires more gas to flow in and out in a given time. Thus, providing more flow area with 2D
rotor compared to D & 1.5D case gives the better pressure ratio and better cooling capacity. From the
simulation value, it is observed that the predicted temperature of the 2™ stage cold end with 1.5D, 2D
and 2.5D case is almost constant and shows little variation. Thus, valve timings were only studied with
three cases D, 1.5D and 2D experimentally.

The investigations in orifice mode and double inlet mode included the effect of the orifice and
double inlet area on no-load temperature, the effect of the orifice and double inlet area on no-load
temperature profile, the effect of charging pressure on no-load temperature and effect of operating
frequency on no-load temperature. There exist an optimum orifice area and double inlet area which
gives the lowest No Load temperature.
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Figure 3. Effect of valve timing on 2™ stage No load temperature (Pcharge: 16.5 bar)
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Figure 4. Effect of valve timing on refrigeration power (Pcharge: 16.5 bar, Frequency: 1.6 Hz)

Optimum orifice area at higher frequency is higher compared to that of lower operating frequency.
This is due to the fact that at a higher frequency, the cycle time decreases and less time is available for
gas to flow through the orifice. To compensate for the reduction in flow through an orifice at a higher
frequency, orifice area should be larger as compared to that of lower frequency operation. Too low
orifice opening does not allow the much gas to pass through in a reservoir in a given time and thus,
phase angle shifts away from the optimum phase. The Too large opening allows more gas to pass and
makes the gas displacement larger and it disturb the gas piston formed inside the pulse tube.
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Figure 5. Effect of charging pressure on 2™ stage No-load temperature (Rotor: 2D)

3.2 Effect of operating frequency and charging pressure
The operating frequency changes the heat transfer time during a cycle. Lower frequency gives

higher heat transfer time and higher frequency gives lower time. Higher frequency operation
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creates turbulence at the cold end of the pulse tube at each stage and increases the pressure drop in the
regenerator. Thus there exists an optimum frequency at which system gives a better cooling
performance. The present investigations were done with three different charging pressures with
appropriate phase shifting openings as shown in figure 5. The optimum charging pressure of 16.5 bar
was found where no load temperature at 2™ stage pulse tube was lowest and cooling capacity obtained
is higher than other charging pressure. Further increment in charging pressure is not possible due to
compressor limitation. It is observed that the optimum operating frequency does not change with
respect to the charging pressure. The optimum performance in the double inlet at 1.6 Hz frequency and
the valve timing of Rotor-2D give minimum temperature at 16.5 charging pressure.

Conclusions

An experimental setup of a two stage GM type pulse tube refrigerator was developed to study the
performance with a change in different operating parameters. The purpose of the development of two
stage GM type pulse tube refrigerator was to obtain the temperature suitable for 20 K applications.
The lowest No-load temperature of 18.52 K was obtained at 2nd stage cold end with 1.6 Hz optimum
operating frequency, 16.5 optimum charging pressure and the optimum valve timing of 2D in double
inlet mode. The optimum cooling capacity of 1W at 19.61 K and 7 W at 29.58 K was obtained with
the optimum frequency of 1.6 Hz, optimum charging pressure of 16.5 bar and 2D rotor valve timing
case. The performance of the first stage was poor compared to the second stage. The lowest No load
temperature of 195. 95 K was obtained with the 2.2 Hz operating frequency and 16.5 bar charging
pressure.

Acknowledgment

Authors are thankful to the Department of Science and Technology (DST), Government of India,
(No.SR/S3/MERC-008/2011(G)) for funding the research project under which present work is carried
out.

References

[1] Gifford W and Longsworth R 1964 Pulse Tube Refrigeration Trans. Of the ASME 63 264-268

[2] Mikulin E, Tarasov A and Shkrebyonock M 1984 Low-Temperature Expansion Pulse Tubes
Adv.in Cryogenic Engg 29 629-637

[3] Zhu S, Wu P and Chen Z 1990 Double Inlet Pulse Tube Refrigerators: An Important
Improvement Cryogenics 30 514-520

[4] Narayankhedkar K and Mane V 1973 Investigations of Pulse Tube Refrigerator ASME Series B
J.of Engg for Industry 95 373-378

[5] Chokhawala M, Desai K P, Naik H B et al. 2000 Phasor Analysis for Double Inlet Pulse Tube
Cryocooler Adv. in Cryogenic Engg A 159-166

[6] Desai K P, Naik H B and Narayankhedkar K 2002 Phasor Analysis of Orifice Pulse Tube
Cryocooler Proc. 18" Cryogenic Engineering Conference 523-525

[7] Atrey M D and Nayarankhedkar K 2002 Development of Second order Isothermal Model of
Orifice Type Pulse Tube Refrigerator with Linear Compressor Proc. 18th Cryogenic Engg
Conf. 519-522

[8] Karunanithi R, Jacob S, Kasthurirengen S et al. 2002 Design and Developments on a Single
Stage Double Inlet Pulse Tube Refrigeration. Proc. 18" Cryogenic Engg. Conf. 539

[9] Kasthurirengan S, Srinivasa G, Karthik GS et al. 2009 Experimental and Theoretical Studies of
a Two-Stage Pulse Tube Cryocooler Operating Down to 3 K Int. J. of Heat and Mass
Transfer 59 986-995

[10] Gujarati P B, Desai K P, Naik H B et al. 2015 Transient Analysis of Single Stage GM type
Double Inlet Pulse Tube Cryocooler. IOP Conference Series: Materials Science and
Engineering 101: article id. 012033



